We discuss the search for a CP-odd scalar decaying into gauge bosons in the framework of a CP-conserving two-Higgs doublet model (2HDM) and of a 2HDM extended with a vector-like quark (VLQ) at the Large Hadron Collider and at a future 100 TeV collider. The rate of decay of a pseudoscalar to Z-bosons could be important to ascertain the CP-nature of the scalars in the model. In the 2HDM A → ZZ will be extremely hard to detect even at a future 100 TeV pp collider while in the 2HDM+VLQ this decay can be probed even during the present LHC run. We further discuss all decays of the pseudoscalar into gauge bosons at the LHC and at a future 100 TeV collider in the alignment limit where the lightest scalar is the 125 GeV Higgs with SM-like couplings to the fermions and gauge bosons. *
Introduction
After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider (LHC) the high energy physics community focused on the search for signs of extended scalar sectors [3] . Such extended sectors, with extra Higgs singlets, doublets or triplets, is a common feature of several Beyond the Standard Model (BSM) models. Finding a new scalar would be a clear signal of BSM physics with extended Higgs sectors. Two-Higgs doublet models (2HDM) [4] , both in their CP-conserving and CP-violating versions, have been used as benchmark models to search for new scalars at the LHC. The 2HDM has four extra degrees of freedom with two extra neutral scalars and two charged scalars. In the CP-conserving version of the model the two neutral states are h and H (CP-even) and A (CP-odd) while in the CP-violating version the three neutral states are a mixture of CP-even and CP-odd states and are referred to as h 1 , h 2 and h 3 . In this work we focus on the production of the pseudoscalar via gluon fusion plus bb initiated process with the subsequent decay to gauge bosons, with focus on A → γγ and A → ZZ. Although A → γγ is a loop induced process, it is nevertheless competitive with other final states like τ + τ − in large portions of the parameter space of the model. Hence, a pseudoscalar could first be detected in the two photon final state. However, even if A is discovered in some other final states, the remaining possible decays have either to be confirmed or excluded. This study will therefore give us further information on the model.
The decay of scalars to ZZ can be used as a means to search for signals of CP-violation at the LHC [5] . Several classes of processes may hint a signal of CP-violation. One such example is the combined observation of the three decays h 2 → h 1 Z, h 2 → ZZ and h 1 → ZZ, where h 1 is the 125 GeV Higgs. Except for the already measured h 1 → ZZ, the other two processes that occur at tree-level in a CP-violating model, can be mistaken by the loop processes A → hZ and A → ZZ from the corresponding CP-conserving model. In the alignment limit, where all h 1 /h couplings to the SM particles mimic the SM ones, A → hZ is zero at tree-level. Also, A → ZZ is a loop induced process and therefore very small. Hence, if a new scalar is found, its CP-numbers could be hard if not at all impossible to determine if the rates are too small. However, there are simple extensions of the 2HDM with the addition of vector like quarks (VLQ) [6] [7] [8] , which lead to very significant enhancement of the pseudoscalar production cross section with the introduction of an extra loop contribution. Also the loop decays to gauge bosons are modified by extra contributions from the vector like quarks. Therefore, the rate pp → A → ZZ can differ by several orders of magnitude in the 2HDM and in the 2HDM+VLQ. In this work we examine the prospects of detecting a pseudoscalar decaying into two vector bosons at the 14 TeV LHC and also at a future 100 TeV pp collider with a planned luminosity of the order of 10 ab −1 .
Previous works have discussed the pseudoscalar decays into gauge bosons in a variety of models such as the 2HDM [9] [10] [11] , the 2HDM with a sequential fourth generation of quarks [12] and in Supersymetric Models [13] . In this work, our main focus either diverges or completes the previous studies. Regarding A → γγ we present the latest experimental results from the LHC and we include all other experimental constraints in the theoretical calculations. We discuss what is expected by the end of the LHC and also at a future 100 TeV pp collider. The other focus is on A → ZZ because these are decays that can give information on the CP nature of the scalars. So it is important to understand if either in the next LHC run or at a future 100 TeV collider a scalar decays into two Z bosons if the model can distinguish between a scalar and a pseudoscalar.
The paper is organized as follows. In the next section we discuss the 2HDM setup and list the theoretical and experimental constraints we will be using. In section 3 we present the 2HDM extended by an up-type vector-like quark (2HDM+T). In section 4 we present our results for the 2HDM while in section 5 results for the 2HDM+T are presented for the LHC Run 2. A discussion on the prospects for a future 100 TeV collider are examined in section 6. Finally, in section 7 we address the problem of the contribution of these searches to understand the CP nature of a new scalar. Our conclusions are presented in the last section.
The two-Higgs doublet model
The 2HDM was proposed by T.D. Lee [4] in an attempt to explain the matter anti-matter asymmetry of the Universe through the addition of an extra source of CP-violation. In this work we discuss the CP-conserving version of the model that contains two CP-even states denoted by h (the lightest) and H, one CP-odd state denoted by A and two charged states, H ± . As tree-level flavour changing neutral currents (FCNC) are very constrained by experiments, we impose a Z 2 symmetry Φ 1 → Φ 1 and Φ 2 → −Φ 2 on the scalar fields. The resulting Higgs potential (softly broken by the dimension two term m 2 12 ) can be written as
Choosing real vacuum expectation values (VEVs), v 1 and v 2 and demanding m 2 12 and λ 5 to be real as well, the potential is CP-conserving. One should note that the CP-conserving minimum of any 2HDM is stable at tree-level, that is, any other stationary point, if it exists, is a saddle point [14, 15] . Still two CP-conserving minima can coexist but the existence of a global minimum can be easily enforced by a simple condition [16, 17] . The free independent parameters are the four masses, m h , m H , m A and m H ± , the soft breaking parameter m 2 12 , the angle tan β = v 2 /v 1 and the rotation angle α that diagonalizes the CP-even mass matrix.
When we impose that no tree-level FCNCs are present in the theory by extending the Z 2 symmetry [18, 19] to the Yukawa sector, we end up with four independent versions of the model. These are: Type I -only Φ 2 couples to all fermions; Type II -Φ 2 couples to up-type quarks and Φ 1 couples to charged leptons and down-type quarks; Flipped or Type Y -Φ 2 couples to charged leptons and up-type quarks and Φ 1 couples to down-type quarks; Lepton Specific or Type X -Φ 2 couples to quarks and Φ 1 couples to charged leptons.
The scan in the 2HDM parameter space was performed fixing m h = 125 GeV , sin(β − α) = 1, since a small misalignment has no phenomenological consequences on the CP-odd decay, and m H ± = m H = 600 GeV and varying m A , tan β and m 2 12 in the allowed parameter space. This is the exact alignment limit and it is in agreement with the most relevant experimental and theoretical constraints:
• The potential is bounded from below at tree-level [20, 21] ;
• Perturbative unitarity is enforced [22] [23] [24] to the quartic couplings of the Higgs potential;
• The parameter space complies with electroweak precision observables [25] via S and T parameters [26] [27] [28] [29] [30] because m H ± = m H and cos(β − α) = 0 [29] ;
• Collider bounds from LEP, Tevatron and from LHC Run 1 are taken into account. Since we work in the alignment limit, sin(β − α) = 1, automatic agreement with the constraints on the Higgs couplings to the other SM particles is attained, because all Higgs couplings become SM-like. Regarding the searches, the tree-level decays to gauge bosons of both H and A are forbidden. The decays to fermions are considered and of particular relevance are the bounds arising from the search pp → A → τ + τ − [31] [32] [33] . These imply that in the Type II 2HDM, the values of tan β cannot be too large especially for low m A bounds. Therefore we choose to take tan β < 10 in the entire mass range for Type II. However, one should note that the largest cross sections are the gluon fusion ones, with the maximum value for tan β = 1. Also the BR(A → γγ) decreases with tan β. Hence, overall the largest rates are obtained for tan β ≈ 1. We will check directly in our study how the searches for a pseudoscalar decaying into gauge bosons affects the parameter space.
• We consider the most relevant indirect constraints on the parameter space in the plane (m H ± , tan β). These are mainly loop processes where cancellations could occur in the loops if other sources of new physics are considered. The bounds arise mainly from B-physics observables [34] [35] [36] [37] [38] and R b = Γ(Z → bb)/Γ(Z → hadrons) [39] [40] [41] . These constraints result in a rough bound of tan β ≥ 1 for all Yukawa types. Regarding the charged Higgs mass the most relevant bound comes from b → sγ (Type II and Y only) and is at present m H ± ≥ 570 GeV [42, 43] . The same constraints forces tan β ≥ 2 in Type I and X. LHC run 1 has contributed with direct bounds in the (m H ± , tan β) plane with the process pp → tt(H + W − bb) [44, 45] . Finally, LEP provided the only direct bound on the charged Higgs mass of roughly m H ± ≥ 90GeV for all Yukawa types with e + e − → H + H − assuming only
3 The 2HDM extended by an up-type vector-like quark
Vector-like quarks (VLQs) appear naturally in various extension of the SM, such as some supersymetric models [47] , models with extra-dimensions [48] , little Higgs models [49] and composite Higgs models [50] . VLQs are also well motivated by the fact that they can solve the Higgs boson mass instability resulting from large radiative corrections at high scales. In fact, a vector-like top quark partner (T) could play the same role as the superpartner of the top quark in supersymetric models. A particular feature of VLQs is that their left and right-handed components transform in the same way under the SM gauge group. Consequently, their mass terms are allowed in the Lagrangian without violating gauge invariance transformations.
There have been many studies on the phenomenology of the SM extended with VLQs [6, 7, 51] . Moreover, both ATLAS and CMS have performed several experimental searches for such new quarks. Direct searches by the ATLAS and CMS Collaborations have set lower limits on the mass of the single vector-like T top partner in the range of 550 − 900 GeV at 8 TeV [52] [53] [54] through one of its main decay channels: T → ht, W b, Zt since the new top is expected to couple predominantly to the third generation quarks. The above limit was improved in the 13 TeV run. A lower limit on the mass of the T-quark was derived and found to be in the range 1170 − 1295 GeV by ATLAS and CMS at 13 TeV [55] [56] [57] [58] . This lower limit can be lowered if the new T-quark has a non-negligible mixing with the first and second generation quarks [59] .
In the present study we consider an extension of the 2HDM by adding a vector-like top quark (T) with charge + 2 3 . This extention was already studied in detail in [8, 60, 61] . Similarly to the SM, we introduce left and right components of the new top: T 0 L , T 0 R . The 2HDM-VLQ Lagrangian with the new top-quark T is given by:
L is the left handed third generation quark doublets. Note that this Lagrangian is valid for all 2HDM-VLQ types because the couplings to the top are the same in all models.
After spontaneous symmetry breaking, the top quark mixes with T and the mass matrix of the mixing between (t 0 L , T 0 L ) and (t 0 R , T 0 R ) is given by (where we can rotate away one off-diagonal element of the mass mixing matrix).
where y t and λ T are the Yukawa couplings for the top quark and T. This matrix can be diagonalized by rotating the weak eigenstates
where the unitarity matrices are given by
. Thus the mass mixing matrix M is diagonalized as follows:
or similarly
From the fact that the off-diagonal elements of (7) vanish, one obtains the following relations for the mixing angles,
We stress that the above mixing angles are not independent, by using eq (6) one can derive the following relations
It is important to mention that both the interaction of the top-quark and of the T vector quark with the electroweak gauge bosons depend on the mixing angle θ L and are given by
After EWSB one can derive the following Yukawa couplings of the CP-odd Higgs A to both t and
After this brief review of the couplings of the heavy top to gauge bosons and Higgs bosons, we list hereafter the most important theoretical and phenomenological constraints on the parameters of the model. From the theoretical side, the scalar sector of 2HDM+T is subject to the same unitarity and vacuum stability constraints as the usual 2HDM [16, [22] [23] [24] . On the other hand, y T is also constrained from unitarity to be less than 4π while λ T is a derived quantity (see equation 9).
• The above interactions of t R and T R with the Z and W bosons in the 2HDM+T are the same as those in the SM. Since the new top will contribute to gauge bosons self energies, the mixing angle θ L can be constrained from electroweak observables such as S and T parameters [8] . It has been shown in [8] that sin θ L < 0.2 (resp 0.12) for m T = 400 GeV (resp m T = 1 TeV.)
• The interaction of the heavy top with charged Higgs and bottom quark can affect the rate of BR(b → sγ) [8] . This can be translated into constraint on the charged Higgs mass and/or mixing angle between heavy top and top quark. In the case where we assume that sin θ L ≈ V T b , it has been shown in [8] that in 2HDM-II, V T b must be smaller than 0.03 for m T > 600 GeV. This limit can be weakened for light m T .
• Regarding compatibility with the couplings of the h 125 Higgs to the remaining SM particles, since we are working in the alignment limit all couplings are SM-like except the couplings to top quarks for which we choose a small mixing angle to force compatibility with the measured Higgs couplings. Regarding the searches for heavy scalars, the situation is exactly the same as for the 2HDM. So again we use the limits derived for the scalar decay to fermions and study the effect of the decay to gauge bosons in the parameter space of the model.
Moreover, since the new heavy top couples to the all Higgs bosons, the decay patterns T → bW, ht, Zt will be modified. It is well known that in the SM extended with a heavy top the values of Br(T → bW ), Br(T → ht) and Br(T → Zt) are respectively 50%, 25% and 25%. In the 2HDM with the presence of new Higgs bosons A, H and H ± , the above pattens are modified [8, 61] and the limits obtained by ATLAS and CMS have to be reinterpreted in the framework of the 2HDM+T.
Results for the 2HDM
In this section we present the results for the pp → A → V V production rates, where V = γ, Z, W , evaluated in the narrow width approximation. The pseudoscalar production cross section was calculated using SUSHI [62] at NNLO and it includes gluon and bb fusion. The branching ratios were calculated using the HDECAY [63, 64] version for the 2HDM [65] . The widths for the pseudoscalar decays into vector bosons are loop induced and were calculated with the packages FeynArts [66] , FormCalc [67] and LoopTools [67, 68] for loop integrals evaluation. The loop calculation is performed in the 'tHooft-Feynman gauge using dimensional regularization. At the one loop level, only fermionic loops contribute to A → V V . The reason is that in the bosonic sector, the electroweak theory conserves CP while after adding fermions CP is no longer conserved. Therefore, there is no contribution to A → V V from the SM bosons [13] , or from the spin zero scalars but only from the fermions. Analytical and numerical check of UV finiteness have been performed.
As the measurements of the Higgs couplings to the other SM particles become increasingly precise, the 2HDM approaches more and more the alignment limit where sin(β − α) ≈ 1 if h, the lightest CP-even scalar, is the SM-like Higgs boson. Considering the lower limit on the charged Higgs mass (about 100 GeV for Type I and X and 600 GeV for Type II and Y) and that m h = 125 GeV, the decay A → hZ is kinematically allowed for a pseudoscalar mass of more than about 200 GeV for all types while A → H ± W ∓ would be allowed for a pseudoscalar mass of about 200 (700) GeV for Type I and X (Type II and Y). In this study we will choose the heavy Higgs masses, m H ± and m H , to be equal and such that the decay A → H ± W ∓ is kinematically disallowed, which is already the case for models Type II and Y due to the combined experimental and theoretical limits. The decay A → hZ is exactly zero in the alignment limit. By extending this condition to all models we are being conservative in the chances for the detection of a pseudoscalar in V V final states. In fact, as more decays of the pseudoscalar are kinematically available, the chances of detecting a pseudoscalar in V V final states become smaller. The range of variation of the pseudoscalar mass is chosen to be in the range 50 GeV < m A < 600 GeV for A → γγ and 2 m V < m A < 600 GeV for A → V V , V = W, Z. In this mass range the main decay channels of the pseudoscalar are A → bb, A → τ + τ − and A → γγ (also A → ZZ(W + W − ) are possible but at much lower rate as will be discussed later). Clearly, the A → γγ rate is at least two orders of magnitude below the tree-level decays so one could ask how important this decay really is. Taking into account the analysis performed for the 125 GeV SM Higgs where the ratio
holds and still the two photons channel was the first one to be measured, we can expect that for a factor of about 100 the A → γγ channel will still be competitive due to sharp resolution in the di-photon invariant mass achievable by the CMS and ATLAS detectors. The above number will be used a rough guide to what can be expected from future analyses. In figure 1 we show BR(A → γγ)/BR(A → τ τ ) as a function of m A for tan β = 1 and tan β = 10 in Type I and Type II. Also shown is the SM line for the same ratio. In Type I the two lines for tan β = 1 and tan β = 10 overlap because A → γγ is mediated only through fermionic loops and the Aff ∝ 1/ tan β coupling factorizes out and cancels with the same factor coming from A → τ τ . In Type I the SM line is crossed for m A ≈ 250 GeV independently of tan β. However, since both the production cross section and the luminosity will be much higher during Run 2 it is to be expected that at very high luminosity all values of the pseudoscalar mass will be probed by the end of the LHC 14 TeV run in the low tan β region. The same behaviour is seen in Type II for low tan β. As tan β increases it will become increasingly harder to detect a pseudoscalar in the two-photons final state. It should be mentioned that the width of A → V V , whatever the final state is, is controlled by the top-quark loop. This loop is always proportional to 1/ tan 2 β and therefore the width is the same for all Yukawa versions of the model except for very large values of tan β in Type II and Y. The behaviour we see in the right panel of figure 1 is due to the width of A → τ τ that increases with tan β in Type II.
A → γγ
We now move to the detailed study of the production rates of a pseudoscalar decaying into two photons at the LHC at 8 TeV and 14 TeV. In figure 2 we plot the pseudoscalar production cross section multiplied by the branching ratio Br(A → γγ) for all four Yukawa types as a function of m A . The remaining masses are fixed at m h = 125 GeV and m H + = m H = 600 GeV. Regarding the angles we take the exact alignment limit sin(β − α) = 1 and we scan over tan β from 1 to 40, except for Type II, where the scans stops at 10. As previously discussed, the largest rates are for small tan β and therefore the upper bound is not relevant for the discussion. In the same plots we show the limits obtained by ATLAS [69] and CMS [70, 71] after Run 1. The situation is similar for all models: only a small region of the parameter space where tan β is small is excluded with this search. If we move to the large tan β and/or to large pseudoscalar mass the number of events becomes negligible. The increase in cross section in Type II and Y due to bb production (the bbA coupling is proportional to tan β) is not enough to compensate the decrease in branching ratio. Therefore the number of events will be small even for large tan β except for the region of very small pseudoscalar mass.
In figure 3 we again show a scan in the Type I and Type II models for 14 TeV and with the exact same conditions of the previous figure 2. The pseudoscalar production cross section increases from a factor of about 2 for m A = 50 GeV to a factor of about 4 for m A = 600 GeV. An extra factor coming from the bb initiated process will further increase the production cross section for Type II and Y especially for pseudoscalar masses above the tt threshold. Still this factor is quite small: taking for instance m A = 500 GeV the cross section increases by about 20 % for tan β = 40. Regarding the luminosity, which is expected to be about 300f b −1 at the end of run 2, when compared to the 8 TeV run where the total luminosity collected was about 30f b −1 , there is an approximate 10 fold increase. Overall a factor below 20 can be foreseen for the low mass region. Therefore, it is clear that it will be hard to probe this channel above about tan β = 10 (and probably less) by the end of Run 2.
A → ZZ(W
The decay rate of a pseudoscalar to massive gauge bosons in the 2HDM is extremely small. The reason is clear: the decays of pseudoscalar bosons to massive gauge bosons can only occur at the loop level and massive gauge bosons are heavy. In fact, Γ(A → ZZ) is always smaller than 10 −5 GeV below the tt threshold and smaller than 10 −4 GeV above the same threshold, independently of the Yukawa version of the model. It is therefore clear that these are not competitive channels when compared to the ones with two fermions or even two photons final states. Since we are considering pseudoscalar production via fermion loops or bb initiated processes, a pseudoscalar decaying to two massive gauge bosons is expected to be observed well after being detected in some fermion final state (τ + τ − , bb or tt) or in γγ. Similarly to the two-photon final state, also here we can use exclusion bounds from searches for a scalar decaying to either two Z bosons or to W + W − performed by the ATLAS [72, 73] and CMS [74] collaborations. In figure 4 we present the pseudoscalar production cross section multiplied by the branching ratio A → ZZ (top) and A → W + W − (bottom) for Type I (left) and Type II (right). We also present the best experimental upper exclusion bound for these channels [72, 73] . It is clear that the experimental bounds are still about one order of magnitude away from the points with the largest rates in the scan. Moreover, also for these final states only points below the tt threshold and in the low tan β region have some chances of being probed at the next LHC run. As previously discussed for the two photon final state there is an overall factor of about 20 for the low mass region when considering both the increase in cross section and in luminosity. However, figure 4 clearly shows that even if the results are better by two orders of magnitude we will barely start to probe a few scenarios in the low tan β region. In figure 5 we present [σ(gg → A) + σ(bbA)]BR(A → ZZ) at √ s = 14 TeV as a function of m A with m H + = m H = 600 GeV . As discussed, both for Type I and Type II, there is an increase in the maximum values of the rates but still well below the experimental result line and an increase in Before we present our results for 2HDM with a vector like top, we first show in figure 6 the allowed range for y T , tan β, the mixing angles α and sin θ L for a fixed m T = 1 TeV. From the left plot of figure 6 one can see that |y T | ≤ 15 is allowed and that the mixing angle sin θ L should be less than about 0.2 for any value of 1 ≤ tan β ≤ 40. In the right panel we show tan β as a function of sin α where we can see a very similar behaviour to the 2HDM for the same variables, indicating that we are again very close to alignment except for a few points in the region where sin α > 0 where the coupling to b-quarks change sign, known as the wrong sign limit [75, 76] .
Extending the 2HDM to include a vector-like top quark, results in an enhancement both in the pseudoscalar production cross section and in its decay width into γγ, ZZ and W + W − . Hence, even with all constraints taken into account, in the case of large mixing between the top quark and new top T, the production rates of loop-induced processes can be several orders of magnitude above the 2HDM ones. In order to see the effects of the new top in the production rates of the gauge bosons we plot in figure 7 the rate [σ(gg → A) + σ(bbA)] Br(A → γγ, ZZ, W W ) at √ s = 8 TeV as a function of m A (and tan β), where we chose m T = 1 TeV, y T = 10 and sin(θ L ) = 0.12. One can see from this plot that the effect of the new top on the production and the decay of the CP-odd Higgs is a significant enhancement in both the production cross section by gluon fusion and in the decays A → γγ, A → ZZ and A → W + W − when compared to the the ones in the 2HDM (note that the Higgs production in bottom-quark annihilation is not altered by the new top).
As it is clear from figure 7 , the largest enhancement in the rates is again obtained for low tan β, as in the 2HDM. Like in the 2HDM, this behaviour can be understood by looking at the couplings given in equation (12) , valid both for 2HDM+T Types I and II, which show that all couplings contain a term proportional to 1/ tan β. Another source of enhancement relative to the 2HDM is the choice of large Yukawa y T , which is still well below the perturbativity limit of 4π, as well as large mixing sin θ L . Also shown in the plots are the exclusion lines from the experiments at CERN. In the upper plots we can see the diphoton exclusion line from ATLAS. This plot is presented to show a very interesting result: in a Type I 2HDM+T a pseudoscalar with m A < 2m t ≈ 350 GeV and large mixing sin θ L ≈ 0.12−0.06 is excluded for any value of tan β. This means that the two-photon final state search is important to further constrain models with vector like quarks. One should note however that away from tt threshold the exclusion is valid only for rather small tan β. In the Type II 2HDM+T, one can see that for m A ≤ 350 GeV small tan β is excluded from diphoton events. We note that there is no exclusion for small sin θ L ≤ 0.01 both for Type I and Type II. In the middle and lower panels of figure 7 we present the rates for σ(pp → A) × Br(A → V V ) for V=Z or W together with the exclusion line from ATLAS. In both cases, the total rates are still about one order of magnitude smaller than the exclusion line. We note that there is a slight enhancement in the rate σ(pp → A) × Br(A → ZZ) with respect to the 2HDM case, due to the extra loop contribution. Still depending on the parameters chosen, the rate σ(pp → A) × Br(A → V V ) for V = Z, W may also be suppressed compared to the 2HDM.
At a 100 TeV pp collider
In the quest for new physics, there is a consensus among the community of particle physicists in favour of the construction a high energy machine with 100 TeV center of mass energy. One question that has been raised about a future 100 TeV pp collider is what is the luminosity needed to address the physics that is not within the reach of the LHC, even at high luminosity. In [77] several physics scenarios were analysed and a luminosity of about 10-20 ab −1 was shown to be a good compromise in extending the discovery reach for new phenomena relative to the high luminosity LHC. The production cross sections pp → A at a 100 TeV collider is increased relative to the 8 TeV LHC from a factor of about 20 for m A = 50 GeV to about 220 for m A = 600 GeV. This behaviour is shown in the left panel of figure 8 where the ratio of the cross sections for 100 TeV and for 8 TeV σ(pp → A) 100 T eV /σ(pp → A) 8 T eV is shown as a function of the pseudoscalar mass for Type I and two values of tan β, 1 and 10. The plots for all other Yukawa types show exactly the same behaviour as the one for Type I for tan β = 1 and for large tan β the contribution of the bb initiated process slightly changes this ratio with no meaningful changes in the conclusions.
As previously discussed, so far analyses were only performed for 8 TeV with a total luminosity of about 30f b −1 . Therefore, in the low mass region the cross section is increased by a factor of 20 while the luminosity is incremented by about 1000. Overall, an improvement of at least four orders of magnitude is expected. The increase is more significant for higher masses but the branching ratios are smaller. Furthermore, the ratio of the cross sections is almost independent of tan β and of the Yukawa type. Considering figure 2 it is clear that most of the parameter space will be probed in the case of pp → A → γγ for the 2HDM, and for any Yukawa type. However, when examining figure 4 for the case of the decays into massive gauge bosons, we see that only a small portion of the parameter space will be probed, mainly for low tan β and for pseudoscalar mass below the tt threshold. The same is true for the W + W − final state. In the case of A → γγ part of the parameter space, for the low mass region is already excluded for the parameters shown. For the same set of parameters almost all values of m A and tan β are within the reach of a 100 TeV colliders. However, as y T decreases, the model will resemble the 2HDM and therefore as previously discussed only the low tan β region will have some chances to be probed.
Mimicking a CP-violating 2HDM
As discussed in the introduction, it is possible to search for signals of CP-violation at the LHC with a combination of three decays. In reference [5] it was shown that three simultaneous decays of Higgs such as h 2 → h 1 Z, h 1 → ZZ and h 2 → ZZ are a sign of CP-violation in any model. Also h 1 → ZZ, h 2 → ZZ and h 3 → ZZ, where h 1 , h 2 , h 3 are generic Higgs bosons, is a clear signal of CP-violation in the 2HDM except if there is a CP-odd state that decays to ZZ with a significant rate. That is, the combination of these three last decays can distinguish a CP-conserving 2HDM from a CP-violating one. Also the simultaneous processes pp → Zh 1 , Zh 2 , Zh 3 was shown to be a sign of CP-violation in [78, 79] . Note however that there are many models with 3 CP-even scalars that can decay to ZZ, like the singlet extension or the 2HDM extended with a singlet. However, when the rate of h i → ZZ becomes too small we no longer know if this is just a very suppressed tree-level process or one that only appears at one-loop, as happens for A → ZZ.
In this work we are considering a scenario where sin(β − α) = 1 (the alignment limit), the lightest scalar is the SM-like Higgs with a mass m h = 125 GeV and m H + = m H = 600 GeV. In this scenario the pseudoscalar will decay mainly to fermions. In the right panel of figure 8 we present the partial width Γ(A → ZZ) as a function of m A for the Type I model for values of tan β between 1 and 40. We see that below the tt threshold, where σ(pp → A) BR(A → ZZ) is largest, the width is always below 10 −5 GeV. In the alignment limit Γ(H → ZZ) is zero at tree-level. However, using the prescription in [80] it can be shown that when the tree-level coupling g HZZ is zero the one loop Γ(H → ZZ) is of the order 10 −5 to 10 −4 . This means that the BR(A → ZZ) and the BR(H → ZZ) will be of the same order of magnitude. Even if BR(H → ZZ) can be slightly larger, also the production cross section of a pseudoscalar is larger than that of a scalar in gluon fusion. Hence, if it is true that a 100 TeV collider will be able to probe very small branching ratios of scalars to ZZ it will most certainly be unable to tell the CP number of the new scalar particles. Furthermore, in the alignment limit the branching ratio for the decay A → hZ is exactly zero. However, when moving away from this limit BR(A → hZ) will again be small but non-zero. In conclusion, if new scalars are found at these very low rates, great precision is needed both from the experimental side and from the theoretical side with the calculation of higher order corrections. Any conclusion will be therefore extremely model dependent.
Conclusions
In this work we have analysed the detection of a pseudoscalar produced in gluon fusion plus bb initiated process and decaying to a pair of gauge bosons. We worked in the alignment limit, where sin(β − α) = 1, driven by the precision measurements of the Higgs couplings that have shown that one of the scalars has to resemble the SM Higgs. The experimental search for a generic scalar particle at the LHC Run 1 has been already performed by ATLAS and CMS. A small portion of parameter space of the 2HDM has already been probed in the search with two-photons in the final state. For the case of the final states with two massive gauge bosons we are still at least one order of magnitude away from highest possible rates in the model.
We have also analysed the 2HDM model with an extra vector like quark, 2HDM+T. Due to the extra loop contribution from the top partner we can have an enhancement of both the production cross section and of the decay widths. In fact we have shown that the results for pp → A → γγ already exclude a substancial region of the parameter space below the tt threshold. As for the decays to massive vector bosons the enhancement is not enough to reach the exclusion limit obtained during Run 1.
We have shown that in a future 100 TeV collider with a luminosity of 10-20 ab −1 almost all parameter space of four 2HDM Yukawa types will be probed in the case of the decay A → γγ. However, for the pseudoscalar decays into massive gauge bosons, possibly only a small portion of the parameter space will be at experimental reach. Also it is important to note that when all rates in the ZZ final state become very small it will be extremely hard to use them to search for CP-violation. In the case of the 2HDM+T as the rates are much higher it is expected that a larger region of the parameter space will be probed. By the end of Run 2, and if no new physics is found, the model will be closer to align, and the limits on heavy scalars will be stronger. In that case, the 100 TeV collider will start operation with severe constraints both on the Higgs couplings and on the masses/couplings of extra scalars. Note that in the limit where the new top decouples, the results are similar to the 2HDM ones.
One of the main ideas that triggered this work was the search for CP-violation. In the CPviolating 2HDM, the decays of any scalar to ZZ are allowed. However, a CP-odd particle cannot decay to ZZ. We have shown that for the 2HDM the process A → ZZ is of the same order of magnitude as H → ZZ if the tree level HZZ coupling is zero. If such a final state is detected at Run 2 or at a future 100 TeV collider with a very low rate, it will be very hard to conclude anything about CP-violation. If a new scalar is detected in this final state with a higher rate it can then be a scalar form a 2HDM but also a pseudoscalar from an extended version of the 2HDM, the 2HDM+T. Hence, and fortunately, a lot of work is expected to pinpoint the underlying model.
Finally we note that many other models with an extended Higgs sector will behave exactly like the 2HDM. In fact, if we extend the 2HDM with a singlet we end up with a model that in the alignment limit has a pseudoscalar that couples to the remaining SM particles exactly like the 2HDM.Therefore, our conclusions are valid for all extensions of the SM where alignment leads to a pseudoscalar with 2HDM-like couplings.
